Abstract: We investigated the damage characteristics in carbon fiber reinforced plastics (CFRP) laminates impacted by soft body and hard body projectiles launched by an air gun. Three kinds of silicone rubber were used as soft body projectiles to investigate the damage resulting from soft body impact that includes material non-linearity and large deformation. Plastic and metallic materials were used as hard body projectiles. From the C-scan images obtained with a scanning acoustic microscope after the tests, we found that the damage mechanism of CFRP laminates in the soft body and hard body impacts was the same. The maximum impact force for each projectile was computed based on the energy balance model and the fundamental hydrodynamics. From this analysis, we found that there is a critical impact force for the delamination initiation and that it is independent of the material properties of the projectiles.
INTRODUCTION
Carbon fiber reinforced plastics (CFRP)-laminated composites have been used extensively in many industrial applications due to their good mechanical properties, such as high specific strength and high specific elastic modulus, however, susceptibility to impact damage remains an issue of concern. The damage in CFRP laminates caused by impact includes delamination at interfaces, fiber breakage, and matrix cracking. Such damage may significantly reduce the strength and stiffness of CFRP-laminated composites. Preventing delamination in particular is important to preventing the reduction of compressive strength resulting from an impact. Several studies have addressed the problem of delamination in CFRP laminates under impact conditions [1, 2] .
When an aircraft is struck in flight by a bird, which is called a bird strike, the damage to the aircraft can be disastrous, and sometimes fatal. The amount of damage incurred is severe, even if a small bird hits a large aircraft. Thus, in aeronautical engine design, designing jet engine fan blades made of polymer matrix composites so that they are capable of withstanding a bird strike is vital of critical importance. A hard body made of plastic or metallic materials undergoes elastic deformation or some plastic deformation during the impact. However, a soft body impact, such as a bird strike, is a very complicated problem because of the dynamic interaction between the soft body and the mechanical structure, material non-linearity, and large deformations.
Fan [3] conducted a soft body impact test on an aircraft windshield using a mixture of gelatin and water. He measured the pressure applied during the impact by using a piezoelectric sensor and the Hugoniot pressure obtained under the assumption that a soft body projectile could be modeled as a fluid. Ruiz et al. [4] where E and G are the longitudinal and transverse moduli, and the subscripts L and T denote, respectively, the longitudinal and transverse-to-the-fiber directions. Each projectile was 10 mm long, had a diameter of 10 mm, and was rounded with a tip, 12.7 mm in diameter. In general, a largely deformed material under low load is called as a soft material. In this paper, we define a material with low elastic modulus and high elongation as the soft body material. Then, we used three kinds of silicone rubber as the soft body materials and an aluminum alloy and an epoxy resin as the hard body materials. The mechanical properties of materials used as the projectiles are shown in Table 1 .
Impact Test
The impact test apparatus is shown in Fig. 1 . The CFRP laminates were simply supported at both ends by two steel circular bars and mounted in front of the air gun. The projectiles expelled from the air gun collided with the center of the CFRP laminates. The impact velocity of each projectile was determined based on the Fig. 1 Fig. 3 . Relationship between contact area and impact energy.
CFRP Laminates after Impact
The damaged CFRP laminates had a remarkable matrix cracking oriented in the direction of the fiber on the backside of the impact. The CFRP laminates impacted by the hard body projectiles had distinct indentation marks at the impact point [7] . However, the CFRP laminates impacted by the soft body projectiles had no indentation marks. Figure 4 shows C-scan images of the delamination at the upper and lower interfaces in the CFRP laminates after the impact observed by the SAM. The delamination area is in the shape of a peanut, which is well known as a typical pattern of impact damage [1] . The shapes of the delamination areas produced by the hard body projectiles were roughly similar to those produced by the soft body projectiles. Thus, we found that the impact damage pat- tern is essentially independent of the material properties of the projectiles [8] .
4. DISCUSSION
Impact Energy
The total delamination area determined by using the SAM was used to quantify the impact damage. The total delamination area is defined as the sum of delamination areas at the upper and lower interfaces. The relationship between the total delamination area and the impact energy is shown in Fig. 5 . This relationship is an important parameter characterizing the impact resistance [1, 2, 8] . The delamination area for every projectile was approximately linear to the impact energy, even though the data for the soft body projectiles was a little scattered. The solid line is the least square fitted line. Figure  5 shows 
where n is the Herzian contact stiffness. Sun et al. [18] suggested a modified formulation of the contact stiffness between a spherically rounded projectile and a CFRP laminated plate as follows:
where ET is Young's modulus of the transverse direction to the fibers of CFRP laminates, rH, vH, and EH are, respectively, the curvature radius at the tip, the Poisson's ratio, and Young's modulus of the hard body projectile. By substituting Eqs. (2) and (3) into Eq. (1) and integrating the equation, we obtain the following equation: Therefore, the maximum impact force of the hard body projectiles, Pm, can be obtained from the numerical analysis of Eq. (5).
Equation (5) cannot be used to analyze the collision of the soft body projectiles because the contact deformation of these projectiles is not localized at the impact point due to Hertz's theory. That is, the momentum of the soft body projectiles disappears at the impact point because of the assumption of a perfect liquid. Then the impact force of the soft body projectiles can be calculated based on the fundamental hydrodynamics [12] . 
CONCLUSION
We investigated the damage characteristics of CFRP laminates impacted by soft body and hard body projectiles. The delamination patterns measured by using a scanning acoustic microscope showed no difference between the soft body impacts and the hard body impacts. These results mean that the mechanism of damaging CFRP laminates in a soft body and a hard body is the same. The relationship between the delamination area (DA) and the impact energy (IE) was linear, and the ratio of DA/IE, which indicated the propagation energy of delamination in the CFRP laminates during impact, was the same in both soft body and hard body impacts, but when a soft body having high elongation was impacted, the ratio of DA/IE was a little low because a part of the impact energy was dissipated by the fracturing of soft body projectiles during the collision. We also found that there is a critical impact force for the initiation of delamination, and that it is independent of the material properties of projectiles.
